The success of symbioses between cnidarian hosts (e.g. corals and sea anemones) and micro-25 algal symbionts hinges on the molecular interactions that govern the establishment and 26 maintenance of intracellular mutualisms. As a fundamental component of innate immunity, 27 glycan-lectin interactions impact the onset of marine endosymbioses, but our understanding of 28 the effects of cell surface glycome composition on symbiosis establishment remains limited. In 29 this study, we examined the canonical N-glycan biosynthesis pathway in the genome of the 30 dinoflagellate symbiont Breviolum minutum (family Symbiodiniaceae) and found it to be 31 conserved with the exception of the transferase GlcNAc-TII (MGAT2). Using coupled liquid 32 chromatography-mass spectrometry (LC-MS/MS), we characterized the cell surface N-glycan 33 content of B. minutum, providing the first insight into the molecular composition of surface 34 glycans in dinoflagellates. We then used the biosynthesis inhibitors kifunensine and swainsonine 35 to alter the glycan composition of B. minutum. Successful high-mannose enrichment via 36 kifunensine treatment resulted in a significant decrease in colonization of the model sea anemone 37 Aiptasia (Exaiptasia pallida) by B. minutum. Hybrid glycan enrichment via swainsonine 38 treatment, however, could not be confirmed and did not impact colonization. We conclude that 39 functional Golgi processing of N-glycans is critical for maintaining appropriate cell surface 40 glycan composition and for ensuring colonization success by B. minutum. 41 42 43 sister phylum to dinoflagellates, has glycans that are recognized during shellfish infection by a 75 host galectin receptor [25]. The prevalent nature of glycan-lectin interactions in parasitic groups 76 that are closely related to dinoflagellates suggests that the glycomes of Symbiodiniaceae may 77 also have evolved to gain access to the host cnidarian environment. 78
Introduction 44
The biodiversity and productivity of coral reef ecosystems relies on the interactions of cnidarian 45 hosts with dinoflagellates in the family Symbiodiniaceae (formerly the genus Symbiodinium [1] ). 46
These unicellular endosymbionts provide photosynthate to their hosts in return for inorganic 47 carbon and nitrogen and a high light environment which enable the partners to thrive in nutrient-48 limited waters. In most symbiotic cnidarian species, each generation a host must first engulf 49 potential symbionts, select algae for productive symbiosis in the symbiosome (a modified host 50 vacuole), and allow for proliferation within its tissue. The biological steps that regulate this 51 colonization process are therefore critical to symbiosis establishment and homeostasis. Innate 52 immunity pathways govern the onset of symbiosis when algae first come into contact with their 53 future host cells [2, 3] . Cnidarians rely on expanded innate immune repertoires for defense 54 against pathogens and selection of microbes [4] [5] [6] [7] [8] . These immune pathways are often co-opted 55 targets for microorganisms looking to benefit from a host, and therefore offer potential avenues 56 for symbiont coevolution and entry into hosts [9] . 57
The surfaces of most eukaryotic cells are decorated with a complex array of surface 58 sugars that play a major role in cell-cell communication [10] . These cell surface glycans are 59 recognized by carbohydrate-binding proteins, known as lectins, to mediate events such as cell 60 homing, sperm-egg binding, and host-microbe interactions [11] [12] [13] (Figure 1) . Glycans are also 61 a major category of microbe-associated molecular pattern that interact with host pattern 62 recognition receptors that, in turn, regulate innate immunity and symbiosis [2, 14] . Lectins on 63 host cells have the ability to either promote microbial attachment and colonization or to block the 64 interactions required for entry into the host [15] [16] [17] [18] . These glycan-lectin interactions form a 65 critical component of host innate immunity that functions in self/non-self discrimination and 66 pathway activation against potential pathogens [19, 20] . 67
While the importance of glycan recognition has been well documented in some host-68 symbiont associations, the molecular characterization of surface glycans in the family 69
Symbiodiniaceae and their function in symbiosis is just beginning to be uncovered. Other 70 alveolates offer potential insight into glycan-lectin interactions in Symbiodiniaceae mutualisms 71 [21] . For example, the well-studied apicomplexan parasites Plasmodium falciparum and 72
Toxoplasma gondii have simplified glycomes that lack the longer immunogenic glycans often 73 detected by host immunity [22] [23] [24] . The alveolate parasite Perkinsus marinus, a member of the Symbiodinium microadriaticum [39] , and Fugacium kawagutii [40] . The genomes of Perkinsus 134 marinus strain ATCC 50983 [41] , Plasmodium falciparum strain 3D7 [42] , and Toxoplasma 135 gondii strain ME49 [43] were also included as closely-related alveolate comparisons. In total, 34 136 manually annotated protein sequences from UniProtKB were used as queries representing 137 proteins involved in N-glycan precursor synthesis and N-glycan processing in the ER and Golgi 138 [44] . Enzymes that have similar functions but that are involved in degradation were included as 139 well, such as lysosomal a-mannosidase and b-hexosaminidase 1. Predicted proteins for 140 Symbiodiniaceae species were searched on reefgenomics.org, a platform hosting the genomes of 141 several marine organisms including three Symbiodiniaceae genomes [45] . Predicted proteins for 142 the three other alveolate genomes were searched on protists.ensembl.org, a browser for protist 143 genomes [46] . Homologous proteins were considered to be present in a genome if the top protein 144 BLAST hit exceeded the following cutoff: eval < 1 x 10 -5 , bitscore > 50, identity score > 25%. T-145 Coffee was used to align amino acid sequences of putative a-mannosidases from 146
Symbiodiniaceae against a-mannosidase 2 and lysosomal a-mannosidase [47, 48] Pilot experiments tested a range of inhibitor concentrations from 10 µM to 10 mM and tested a 162 range of DMSO concentrations from 2-10% (data not shown.)
Identification of N-Glycans via ESI LC-MS/MS 164
Breviolum minutum (strain Mf1.05b) was cultured as described above. For enzymatic treatment, 165 1 L of culture was spun down and treated with Peptide:N-glycosidase F for 72 h (50 U PNGase F 166
• mL -1 f/2 media). The reactions were stirred at 37 C for 72 h. The glycan sample was dialyzed 167 using 10k MWCO dialysis tubing in 100 mL ultrapure water; water was changed three times 168 over the course of 48 h. The glycan sample was lyophilized and 1 mg of lyophilized sample was 169 reduced and permethylated as previously reported [50] [51] [52] [53] . In summary, lyophilized samples 170 were dissolved in 10 µL of borane-ammonia complex solution (10 mg• mL -1 ) and incubated in 171 the water bath at 60 o C for 1h. After incubation, 1 mL of methanol was added to the samples and 172 vacuum dried (LABCONCO Cor. Kansas City, MO). A 1 mL aliquot of methanol was 173 repeatedly added and dried until borate was completely removed by co-evaporating with 174 methanol. The reduced sample was redissolved in a 30 µL aliquot of dimethyl sulfoxide 175 (DMSO), 1.2 µL water, and 20 µL iodomethane. Sodium hydroxide beads (Sigma, St. Louis, 176 MO; suspended with DMSO) were packed into a spin column, centrifuged at 1800 rpm for 2 177 min, and then washed with 200 µL of DMSO. Samples were loaded onto the column and 178 incubated at room temperature for 25 min. Another 20 µL aliquot of iodomethane was added into 179 the column and incubated for 15 min. After incubation, permethylated glycans were collected by 180 centrifuging at 1800 rpm for 2 min. Next, 30 µL of acetonitrile (ACN) was added into the 181 column and centrifuged again to collect the eluent. The ACN eluent was combined with previous 182 DMSO solution and dried completely. 183
Reduced and permethylated glycans were then subject to nano-C18-LC-MS/MS analysis. 
Colonization Experiments 224
Aposymbiotic adult Aiptasia polyps were obtained after repeated menthol bleaching [56] and 225 maintenance in the dark. Prior to the beginning of experiments, polyps were individually plated 226 in 24-well plates and exposed to the same 12:12 light:dark cycle as algal cultures for 1 wk. 227
Animals were then visually checked under an inverted compound fluorescence microscope for 228 the presence of any contaminating symbionts, and only those completely lacking symbionts were 229 used in colonization experiments. Algae from each treatment were rinsed in FSW and 230 resuspended to 2 x 10 6 cells • mL -1 . Each anemone was inoculated with 1 x 10 6 cells (0.5 mL of 231 algal treatment) in a total volume of 1 mL FSW. After 48 h, the wells were rinsed three times 232 with FSW, and left for 24 h before overnight fixation in 4% paraformaldehyde in 1X PBS. To 233 prepare for imaging symbiont density, the oral discs with tentacles were dissected from the 234 columns of each polyp and mounted on slides in a mounting solution (90% glycerol, 10% 1X 235 PBS) as described previously [57] . 236
Image Analysis 237
To normalize symbiont density to host surface area, epifluorescence microscopy was used to 238 capture autofluorescence from the symbionts and the host anemone tissue as detailed previously 239
[57]. Symbiont chlorophyll autofluorescence was captured under the Cy3 (red) filter, whereas 240 autofluorescence from host green fluorescence was captured using the GFP (green) filter. Images 241 of symbiont density after colonization of hosts were captured with a Zeiss AxioObserver A1 242 microscope and an Axiovert ICm1 camera (Carl Zeiss AG, Jena, Germany). Algal cell numbers 243 were automatically quantified by setting a predetermined cell radius for the ITCN plugin for Fiji 244 (ImageJ2). To calculate algal density as a proxy for symbiont colonization, the total algal cell 245 number was divided by the surface area of host autofluorescence. 246
Results and Discussion 247

N-Glycan Biosynthesis Pathway Conservation in Alveolates 248
We hypothesized that the pathways underlying N-linked glycoprotein production in 249
Symbiodiniaceae are similar to those in humans and other well-studied eukaryotes. Our findings 250 support this hypothesis. We found a large degree of conservation among members of these 251 groups using BLASTP searches for homologous proteins. We found strong evidence for N-252 glycan biosynthesis conservation up to MGAT1, an N-acetylglucosaminyltransferase essential 253 for hybrid and complex type glycan processing (Table 1, Figure 1 ). Golgi a-mannosidase 2, the 254 next step in the N-glycan pathway, also appears in a BLASTP search of Symbiodiniaceae 255 genomes, however the sequence hits were more similar to lysosomal a-mannosidase, especially 256 in conserved regions (Supplementary Figure 2, Supplementary Table 1 ). Without functional 257 or subcellular localization data, it is difficult to discern whether this a-mannosidase functions 258 during N-glycan biosynthesis or only during degradation; regardless, it should be inhibited by 259 swainsonine based on conserved residues (Supplementary Table 1 which are required for bisecting, tri-, and tetra-antennary N-glycans ( Table 1) . The presence of 263 these transferases supports the existence of hybrid glycan biosynthesis in Symbiodiniaceae. With 264 the absence of MGAT2, it remains unclear whether the a-1-6 branch required for complex 265 glycans can be formed [31] . In addition to the majority of enzymes required for N-glycan 266 branching, Symbiodiniaceae genomes contain N-glycan transferases for xylose, fucose, and 267 galactose ( Table 1 , Supplementary Table 2) . These moieties are possible targets for the 268 expanded set of cnidarian ficolin-like proteins, fucolectins, and c-type lectins found in Aiptasia 269 [58, 59] . Nevertheless, these Symbiodiniaceae species appear to have the capacity to create high-270 mannose, hybrid, and potentially complex glycans. 271
The N-glycan biosynthesis pathway BLASTP protein hits for the Symbiodiniaceae 272 species (Breviolum minutum, Symbiodinium microadriaticum, and Fugacium kawagutii) were 273 most similar to the closely related Perkinsus marinus, an endoparasite of oysters ( Table 1) . 274
Among the Symbiodiniaceae, we found the N-glycan biosynthesis pathway in F. kawagutii to be 275 the least conserved, which agreed with the initial, less stringent analysis of the N-glycan pathway 276 from the F. kawagutii draft genome [40] . This lack of conservation could reflect its phylogenetic 277 position (one of the most derived lineages within the group) and/or ecology: of the three species 278 whose genomes were searched, it is the only one that is exclusively free-living and 279 nonsymbiotic. If hybrid and/or complex N-glycan production is a key to symbiosis establishment 280 and maintenance, there may be less selective pressure to retain these genes in nonsymbiotic 281 species. However, as the Symbiodiniaceae genomes are still in draft form, the absence of 282 pathways may be a result of differences in sequencing and/or annotation completeness, 283 especially considering the decreased number and shorter length of gene models in the original F. 284 kawagutii genome [40, 60] . In examining more evolutionarily distant comparisons, B. minutum 285 and S. microadriaticum appear to have a greater capacity for N-glycan biosynthesis than many 286 other algal protists, including other dinoflagellates, chlorophytes, diatoms, and haptophytes [40] . 287
The degree of conservation in the N-glycan biosynthesis pathway of the Symbiodiniaceae 288 is striking when compared to the degenerate pathways of the alveolate parasites Plasmodium 289 falciparum and Toxoplasma gondii. In contrast to the Symbiodiniaceae, P. falciparum has 290 severely limited N-glycosylation and O-glycosylation, and is only able to produce the chitobiose 291 core using ALG13 and ALG14 ( Table 1) Table 1 ). The general 296 conservation of precursor synthesis and ER/Golgi processing in the Symbiodiniaceae and P. 297 marinus suggests strong differences in N-glycan processing between apicomplexans and 298 Dinozoans (containing dinoflagellates and their sister phylum Perkinsozoa), supporting the 299 hypothesis that among alveolates, only apicomplexans have undergone secondary loss of ALG 300 enzymes [22] . 301
N-Glycan Identification in Breviolum minutum 302
With the knowledge that N-glycan biosynthesis pathways are present and even conserved in 303
Breviolum minutum, we sought to characterize the N-linked glycome. We harvested algal cells, 304 cleaved the N-linked surface glycans, and after per-methylation used LC-MS/MS for glycan 305 analysis [50-53, 63]. Based on molecular weight, retention time, and comparison to carbohydrate 306 standards, the overall cleaved N-linked glycan sample exhibited 52% high-mannose glycans, 307 12% core-fucosylated glycans, and, to our surprise, 3% sialylated glycans (Figure 2a) . Overall, 308 29 glycan structure were identified in the liquid-chromatography coupled mass spectrometry 309 analysis (Figure 2b) . While the enrichment of high-mannoside glycans has been shown 310 indirectly in B. minutum before, this is the first direct, analytical verification of the result [28, 29, 311 57, 64].
Sialic acid (also called N-acetylneuramic acid) is often considered a hallmark of the 313 human glycome as it can be found mostly on cell surfaces of 'higher' invertebrates. In humans, 314 sialic acid modulates a variety of normal and pathological processes. Many pathogens bind to it 315 (e.g. human Influenza A, Vibrio cholerae, Plasmodium falciparum, Heliobacter pylori) or 316 express it on their surfaces to interact with human cells (Neisseria spp., Trypanosoma cruzi) [65] . 317
Sialic acid is rarely found in algae and this is the first report of sialic acid in dinoflagellates [66-318 68] . Future studies should test whether sialic acid is a crucial component of cnidarian-319 dinoflagellate symbiosis establishment. 320
Effects of N-Glycan Removal on Colonization Success in Host Anemones 321
We expected that glycosidase treatment with PNGase F would decrease the total number of N-322 linked glycans on the cell surface of B. minutum and subsequently reduce colonization success. 323
We measured changes to the algal cell surfaces using fluorescently tagged lectin (CVN-PE) that 324 recognizes glycans highly enriched with a(1-2)-linked dimannosides. After exposure to PNGase 325 F, CVN-PE labeling mean fluorescence intensities decreased, indicating that fewer high-326 mannoside glycans were present on algal cell surfaces after treatment (Figure 3a ; ANOVA, 327
Tukey post-hoc test, p < 0.001). Aiptasia polyps were then inoculated with glycosidase-treated or 328 untreated cells. After initial colonization, symbiont density was lower in hosts exposed to the 329 cells with reduced N-glycan abundances (Figure 3b contrast, a-amylase had no effect on the percentage of F. scutaria larvae colonized or in algal 336 density within individual larvae. In another coral larval study using Acropora tenuis, a-amylase 337 and trypsin increased the number of symbiont cells taken up by larvae [26] . Across all enzymatic 338 treatments to date, N-glycosidases have had the most consistent negative effect on colonization 339 rates of Symbiodiniaceae in cnidarian hosts. Enzymatic treatment with trypsin and PNGase F has 340 also been used to decrease affinity of isolated cnidarian lectins to their glycan binding sites on 341 Symbiodiniaceae, supporting the hypothesized function of glycan-lectin interactions in symbiosis 342 [69, 70] . This consistency across many studies suggests that the overall abundance of N-glycans 343 on the Symbiodiniaceae cell surface impacts the rate of symbiont uptake by cnidarian hosts. 344
N-Glycan Biosynthesis Manipulation in Breviolum minutum 345
After confirming the effect of glycan abundance on colonization success, we were interested in 346 understanding how the composition of different types of N-glycans affected the onset of 347 symbiosis. To alter glycan composition, we inhibited the N-glycan biosynthesis pathway at ER 348 and Golgi mannosidase enzymatic steps using the small molecule inhibitors kifunensine and 349 swainsonine (Figure 4a) . To confirm that the manipulations altered the composition rather than 350 the abundance of N-glycans, we labeled cells with MVL-PE, which binds to structures consisting 351 of Manβ(1-4)GlcNAcβ(1-4), a common core found in all three N-glycan types (Figure 4b) . 352 MVL-PE labeling showed a small but statistically significant increase in median fluorescence 353 intensity in the kifunensine treatment compared to untreated cells (Figure 4c ; ANOVA, Tukey 354 post-hoc test, p < 0.001), but showed no difference between arithmetic mean (ANOVA, Tukey 355 post-hoc test, p = 0.99) and geometric mean (ANOVA, Tukey post-hoc test, p = 0.65) 356 fluorescence intensities. In general there were similar N-glycan abundances between all 357 treatments. This relative stability in glycan abundance allowed us to analyze the remaining lectin 358 binding data as primarily representative of differences in glycan composition. 359
Kifunensine blocks MAN1, the enzyme responsible for converting high-mannose glycans 360 to hybrid glycans featuring less mannose. To confirm that kifunensine treatment increased the 361 proportion of high-mannose glycans, symbiont cells were labeled with CVN-PE, which binds 362 with α(1-2)-linked dimannosides residing at the branch tips of mannose-rich glycans (Figure  363 4a). Cells treated with kifunensine had the highest median fluorescence intensity of CVN-PE 364 labeling as expected, significantly greater than both swainsonine-treated and untreated cells 365 (Figure 4d ; ANOVA, p < 0.05, p < 1 x 10 -7 ). Swainsonine-treated cells also exhibited 366 significantly greater labeling by CVN for mannosides than untreated cells (Figure 4d ; ANOVA, 367 p < 1 x 10 -7 ). This was expected, as hybrid glycan structures induced by swainsonine should 368 have more abundant mannose moieties than untreated cells that feature a greater proportion of 369 complex, low-mannose glycans (Figure 4a) . Analysis of geometric mean fluorescence intensity 370 showed the same significant differences (ANOVA, p < 1 x 10 -7 ) between every comparison 371 except swainsonine and kifunensine treatments (ANOVA, p = 0.28), whereas arithmetic mean 372 fluorescence intensity found no differences between swainsonine and kifunensine treatments 373 (ANOVA, p = 0.92) or between swainsonine and untreated cells (ANOVA, p = 0.10). Overall, 374 kifunensine had a strong effect on increasing the proportion of high-mannose N-glycans, 375 whereas swainsonine had a weaker effect. The increase in lectin-binding in both treatments 376 supports the presence of active N-glycan biosynthesis inhibition from kifunensine and 377 swainsonine incubation in Symbiodiniaceae cells. 378
Swainsonine blocks MAN2, the enzyme responsible for converting hybrid glycans to 379 complex glycans featuring even less mannose (Figure 4a) . To confirm that swainsonine 380 treatment decreased the proportion of complex glycans (and therefore increased the proportion of 381 hybrid glycans), symbiont cells were labeled with PHA-L-PE, which binds Galβ(1-4)GlcNAc 382 linkages from the 2,6 branch found mainly in complex glycans [71] . Symbiont cells exhibited 383 low levels of labeling with PHA-L-PE overall, though increases in median fluorescence intensity 384 were significant compared to unlabeled negative control (Figure 4e ; ANOVA, p < 1 x 10 -7 ). 385
Opposite to the expectation that swainsonine blocks complex glycan formation, cells treated with 386 swainsonine showed increased, rather than decreased PHA-L-PE labeling compared to untreated 387 cells (Figure 4e ; ANOVA, p < 1 x 10 -7 ). These significant differences were also present in 388 geometric and arithmetic mean fluorescence intensity comparisons (ANOVA, p < 1 x 10 -7 ). The 389 low levels of staining combined with an absence of complex glycan inhibition suggests 390 differences in later steps of N-glycan biosynthesis among Symbiodiniaceae when compared to 391 the canonical pathway. It is possible that Breviolum minutum has alternative pathways to build 392 N-glycans besides the late stage processing in the Golgi apparatus, known in eukaryotes to create 393 N-glycoproteins that can be recognized by PHA-L. Additionally, since the MAN2 found in B. 394 minutum is most similar to lysosomal mannosidases (Supplementary Table 1, Supplementary  395 Figure 2), swainsonine may have inhibited lysosomal catabolism, contributing to glycan 396 dysregulation [72] . It is also possible that while the treatment failed to decrease complex glycan 397 proportion, it nevertheless may have increased hybrid glycan proportion, as we did not measure 398 hybrid glycans directly. This outcome would be consistent with the elevated mannose-binding 399 we observed directly with CVN-PE in swainsonine-treated cells. 400
Kifunensine-treated cells were also expected to have a lower proportion of complex 401 glycans, however kifunensine showed no difference in PHA-L-PE labeling compared to 402 untreated cells (Figure 4e ; ANOVA, p = 0.29). This lack of significant change in complex N- glycans can also reduce colonization, suggesting that glycan composition is a key factor 427 modulating symbiosis establishment. Unless the proportion of different glycans is within a 428 specific range, the micro-alga may not be recognized as an appropriate symbiont, providing a 429 potential mechanism for maintaining specificity. An additional possibility is that interactions 430 between lectins and hybrid glycans are selective at a later step after initial recognition of 431 mannose. This would be consistent with the observed difference in colonization success between 432 swainsonine-treated cells (i.e. more high-mannose and hybrid N-glycans) and kifunensine-433 treated cells (i.e. more high-mannose N-glycans only). A multi-step glycan recognition pathway 434 could be part of a "winnowing" process of host-symbiont selection similar to that found in other 435 symbioses [73] . 436
In cnidarians, mannose recognition includes a variety of highly conserved mechanisms 437 
Implications and Future Directions 447
Our results provide new information about the chemical signaling molecules of Breviolum 448 minutum, a mutualistic dinoflagellate symbiont of corals and sea anemones. We verified that the 449 N-linked glycan biosynthesis pathway is mostly present and conserved in the B. minutum 450 genome, and we determined the structure and abundance of N-glycans cleaved from the algal 451 surface. While our experiments stress the notion that N-glycans are important for symbiont 452 recognition, we observed a complex algal glycome without clear determinants of symbiosis 453 establishment. The direct approach of manipulating this algal glycome (through cleavage with 454 PNGase F or through biosynthesis inhibition) has had a more consistent effect on colonization 455 than glycan masking approaches [26, 28, 29, 57]. Nevertheless, colonization success was highly 456 variable in the clonal adult hosts that were used in this study, possibly due to small differences in 457 polyp size or states of innate immunity in aposymbiotic adults. Challenging naïve, aposymbiotic 458 larvae may be a more fruitful approach in the Aiptasia system when investigating symbiosis 459 establishment, since larvae allow for greater sample sizes and thus more statistical power to 460 detect subtle differences in colonization [57] . Despite this limitation, the differences observed in 461 glycan characterization and symbiont recolonization support the further use of aposymbiotic 462
Aiptasia adults as a model for understanding processes involved in bleaching recovery. The 463 potential for variation in N-glycan biosynthesis among Symbiodiniaceae could provide a basis 464 for host-symbiont recognition as well as recolonization dynamics after environmental conditions 465 that result in dysbiosis. 466
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